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ABSTRACT 

A method was developed to determine the elastic behavior of large blood 

vessels in terms of their transmission characteristics for small sinusoidal pres- 

sure signals. The method is new insofar as it utilizes transient signals of the 

form of finite trains of sine waves that are superimposed on the naturally 

occurring pressure fluctuations and are generated by an electrically driven 

impactor or by a pump. Its application to the thoracic aortas of 18 mature 

mongrel dogs anesthetized with Nembutal has shown that dispersion and attenua- 

tion data for frequencies between 40 and 200 cps can be obtained without requiring 

either Fourier transform computations or  resolution of reflection interference. 

For the frequency range considered, the descending aorta is only mildly dispersive. 

It exhibits strong attenuation that must be attributed primarily to the visco- 

elasticity of the vessel wall and not to the viscosity of the blood or conduction of 

mechanical energy into the surroundings. For all frequencies tested the ampli- 

tude ratio of the waves portrays the same exponential decay pattern with distance 

measured in wavelengths independent of the pressure level. The values of the 

logarithmic decrement k in the downstream direction ranged between 0.7 and 

1 .0  at normal blood pressure levels. The wave speed during diastole can have 

a value between 4 and 6 m/sec. 

The analysis of small sinusoidal wave trains generated at different 

instants of the cardiac cycle show significant variations in wave transmission 

characteristics due to the effects of pressure and flow. Values for ac/ap, the 

change in wave speed due to pressure in the absence of a mean flow, ranges 
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between 3 and 6 cm/sec. ac/ap can be considered essentially constant for the 

natural pulse pressure, but high and low pressure occlusion studies show that 

ac/ap gradually changes in magnitude. Simultaneous measurements of wave 

speed in the upstream and downstream directions in a single aortic segment 

indicate that pressure waves are  convected by the blood flow and have a speed 

mm Hg 

equal to the sum of the mean flow velocity and the wave speed in  an undisturbed 

system. The wave speed difference between downstream and upstream waves 

yieldsvalues for mean flow velocity which compare very favorably with those 

measured with catheter-tip flowmeters. From wave transmission studies it has 

been shown that the mean flow velocity increases from approximately 0 . 1  m/sec 

during diastole to more than 0 . 6  m/sec during early systole. These results 

imply that blood vessels exhibit nonlinear behavior with respect to large pressure 

fluctuations such as those produced by the heart. A discrepancy in the value of 

the attenuation for downstream waves (k = 0.7 to 1.0)  and upstream waves 

(k = 1 . 2  to 1 .6 )  is attributed to taper of the vessel, and the actual value of the 

logarithmic decrement due to dissipative mechanisms in the vessel wall would 

have a magnitude between 1 . 0  and 1.2 for a vessel with a uniform cross section. 

The circumferential Young' s moduli E have been calculated by two 

methods using instantaneous diameter and wave speed data measured simultaneously 

in a segment of the aorta for small sinusoidal wave trains. The moduli calculated 

from distensibility data were consistently higher in value. The magnitudes of E 

6 6 2 calculated by the two methods ranged between 3 x 10 and 12 x 10 dynes/cm . 
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CHAPTER 1 

GENERAL INTRODUCTION 

The mechanical properties of blood vessels have been a subject of 

intensive study during the past  fifteen years. This interest is in par t  based 

on a vigorous drive to develop a better understanding of the causes of 

cardiovascular diseases, the changes in the circulatory system with age, and 

the control mechanisms involved in regulating blood flow in normal situations 

as well as under physical and physiological stresses. The determination of 

the mechanical properties of living tissue such as blood vessels is 

considerably more difficult than for inert materials. One of the complications 

arises from the fact that neural and humoral stimuli can mediate rapid 

changes in the mechanical behavior of living tissue. The inherent capability 

of living organisms to adjust their mechanical properties to a changing 

environment is often germane to their survival. It is, therefore, essential 

to assure that the measurement of the parameters of interest causes a 

minimal interference with the naturally occurring phenomena and does not 

elicit a noticeable response of the system which would alter the results of the 

measurement , 

Medical researchers have known for more than one hundred years 

that the speed of a pressure pulse propagating in a blood vessel is related to 

the elasticity of the vessel wall, although this fact has seen only limited 

application. Expanding on this idea, it is shown here that the physical 

properties of large arteries and veins can be deduced from the dispersion 

and attenuation of pressure waves propagating in such vessels. This is 

accomplished by utilizing recently published theoretical studies of the wave 
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transmission characteristics of blood vessels 'I2) which include extensive 

parametric analyses based on a simple constitutive law for the vessel wall 

material. 1)2) While more complex mathematical models have also been 

postulated for the vessel wall b e h a ~ i o r ~ ) ~ )  none of the constitutive laws 

proposed so f a r  could be singled out as the most accurate one, since the 

experimental evidence required for such a decision has yet to be 

established. This lack of experimental data is particularly striking when 

compared with the many significant theoretical contributions made for 

example by Witzig5), Iberal16), Morgan and Kiely7), Womersley 8) , 

Hardung'), Klip") and many other investigators. For comprehensive 

reviews of theoretical as well as  experimental investigations of wave 

transmission in blood vessels and hemodynamic problems in general the 

reader is referred to recent publications by McDonald"), Fox and Saibel 12) , 

Rudinger13), Skalak14) and Fung 15) . 
The experimental work described in this dissertation involves the 

surgical exposure of blood vessels in dogs to allow for the examination and 

interpretation of the occurrence of hemodynamic phenomena under well 

defined conditions. However, the ultimate goal of these efforts is the 

development of a noninvasive, nontraumatic technique to measure changes in 

the mechanical properties of the larger vessels in man. Fluctuations in 

flow and diameter can be sensed in major limb vessels with ultrasonic 

doppler shift flowmeters located on the surface of the skin. (Measurement 

of transit times of pressure waves and changes in vessel diameter would 

allow the determination of the material properties of the vessels using a 

valid mathematical model for their mechanical behavior .) The 

transcutaneous measurement of vessel elasticity might be used as a clinical 
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tool. For example, periodic monitoring of human vessel elasticity could 

indicate incipient vascular diseases and the stage of the aging process. 

Also,  the effects of weightlessness on the cardiovascular system of 

astronauts during a prolonged space flight could possibly be assessed in 

terms of the mechanical properties of their major limb vessels. 
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CHAPTER 2 

DISPERSION AND ATTENUATION OF PRESSURE 
WAVES IN THE CANINE AORTA 

2.1 Instroduction 

Experimental data on the mechanical properties of various blood vessels 

have been obtained by previous investigators using four different approaches: 

1) Force-displacement measurements on excised vessels (16, 17, 18) 

2) Force-displacement measurements on vessels in situ or  in-vivo (3,  19, 20) 

3) Determination of the propagation characteristics of individual harmonic 

components of the natural pulse wave generated by the heart (21, 22) 

4) Measurement of transmission characteristics of artificially induced 

pressure waves (23, 24, 25, 26) 

None of these approaches is ideal from all points of view, but it appears 

that the last one should be given preference for a variety of reasons. The 

removal of the vessels from their natural surroundings raises a multitude of 

physiological questions and also introduces some mechanical uncertainties 

regarding the simulation of the forces and constraints to which the vessels 

are subjected under natural conditions. Force-displacement measurements 

on vessels under in-vivo conditions seem to be more meaningful, particularly 

when the circulation through the vessel of interest does not have to be 

interrupted; however, the question of the extent to which this measuring 

technique alters the "normaltt mechanical behavior of the vessel still 

exists. The accuracy of data derived from an analysis of the propagation 

characteristics of individual harmonic components of the pulse wave 

generated by the heart is highly debatable. There is increasing evidence 
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that the transmission of the natural pulse is influenced by nonlinear 

phenomena that preclude in a strict sense its resolution into harmonic 

components for the purpose of determining their speeds and attenuation 

(27, 28). The data presented in this dissertation appear to lend further 

support to this view. 

With the development of extremely sensitive displacement- , 

pressure- and flow transducers with a high frequency response it has 

become possible to measure accurately in various large blood vessels the 

propagation characteristics of artificially induced waves of controlled shape 

and amplitude, The mechanical properties of these vessels can then be 

determined by making use of recent theoretical studies of the transmission 

of small waves in arteries and veins (29, 30, 31). The relevance of the 

properties obtained in this manner depends on the validity of the mathematical 

model that was introduced for the mechanical behavior of blood vessels in 

the theoretical prediction of the wave propagation characteristics. As far 

a s  the determination of elastic and viscoelastic properties of the vessel 

wall are concerned this approach is obviously an indirect one, and, as 

such, somewhat cumbersome. However, its advantages a re  that it yields 

essentially local and instantaneous values. The usefulness of such an 

approach in assessing changes in the elastic behavior of blood vessels 

caused by altered physiological conditions or vascular diseases is self- 

evident. Also, with the help of transcutaneous ultrasound sensors the 

technique should theoretically be applicable to certain vessels in man 

without requiring the penetration of the skin. 
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2.2 Theoretical Considerations 

The manner in which a signal is propagated in any medium depends 

in general on the nature and form of the signal. For example, the 

propagation characteristics of a pressure pulse of a given shape normally 

depend on the amplitude i f  it exceeds a certain range. Large amplitude 

signals are extremely difficult to analyze mathematically since their 

behavior is influenced by nonlinear phenomena that are negligible when the 

amplitude is small. Also, the nonlinear effects do not permit a complex 

propagating signal to be synthesized from--or resolved into--simple 

harmonic components whose properties can be readily defined and 

analyzed. Therefore, in most theoretical studies the amplitude has been 

assumed to be sufficiently small to allow for linearization. 

The propagation characteristics of small signals in a given 

medium or  system are  customarily described by the speed and attenuation 

of infinitely long trains of sine waves (harmonic waves) as a function of the 

frequency or wavelength (31). Considering the simplest case of such a 

train of sine waves with a frequency f propagating in a specified 

direction, say the x-axis, one can express mathematically the variation of 

the signal p with the coordinate x and the time t by 

p(x,t) = A(x) sin -c 27rf (x - ct) 

where A(x) is the amplitude of the signal at station x and c the speed. 

Since c can be determined from the instantaneous phase difference 
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between two points separated by the distance Ax , the speed of an infinite 

train of harmonic waves is commonly referred to as phase velocity. When 

the phase velocity varies with frequency, the system is called dispersive (32). 

A s  a convenient measure for the attenuation of harmonic waves one can use 

the ratio of the amplitude at a distal station x to that at a proxi- 

mal station xo . Henceforth the amplitude at station x will be denoted 

simply by A and that at station xo by A. . 
In reality one does not have infinitely long trains of harmonic waves 

since the media are of finite dimensions. Moreover, it may even be impossi- 

ble to observe finite trains of appreciable length when reflection sites are in 

close proximity of the point of observation. Therefore, the dispersion and 

attenuation of infinitely long trains of harmonic signals can practically only 

be determined from the propagation properties of signals of finite length. 

When the signals a re  of nonsinusoidal shape, this requires the laborious 

evaluation of the Fourier transform of the propagating signal at various loca- 

tions within the medium and a careful accounting of the uncertainties that may 

arise from the occurrence of reflections. 

For a mildly dispersive medium, i.e. , one in which the phase 

velocity varies only a few percent whenever the frequency is changed by 1 0  

percent, the need for Fourier transform computations can be circumvented 

i f  the transient signal is of the form of a finite train of sine waves. This is 

demonstrated by Figure 1 which illustrates the Fourier transform of such 

nonperiodic signals. A nonperiodic function f(t) can be synthesized by an 

infinite aggregate of harmonic functions whose circular frequencies w = 2nf 

may assume all possible values in the continuous range - 00 9 w 5 00 . 
Mathematically this synthesis assumes the form of an integral which is 
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Figure 1. Fourier transform of finite trains of sine waves. 
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called a Fourier integral and which, in complex notation, can be written as 

given in the Figure. The function F(o) is usually referred to as the Fourier 

transform of f(t) and is in general complex. F(w) therefore, can also be 

expressed as F(o) = I F(w) I eie(w) , where I F(o) 1 is the so-called 

frequency density spectrum and 0 (0) the phase density spectrum. 

1 F(w) I dcLt 
between 0 and w + dw a re  represented in the aggregate of harmonics that 

specifies the degree in which sine waves with frequencies 

synthesize the function f(t). When f(t) is an even function [ f(-t) = f(+t) ] 

as in the case of the finite trains of sine waves shown on the left side of the 

Figure, then F(w) is real and also an even function; moreover, the phase 

angle 8 is 0' when F(o) > 0 and 180' when F(w) < 0 .  In such 

cases the description of F(w) may be restricted to positive values of w . 
The uppermost pair  of graphs illustrates a train of 

cular frequency wo (left) and the corresponding Fourier transform F(w) 

(right). The pairs of graphs in the center and at the bottom correspond respec- 

tively to trains of 4 1/2 and 8 1/2 sine waves of the same circular frequency wo. 

In each case the Fourier transform F(w) has a distinct maximum at 

With increasing length of the train F(w) peaks more sharply at w = 

and F(o ) dominates the spectrum in increasing proportion. In the limit- 

ing case of an infinitely long train F(wo) would be infinite at w = and 

zero everywhere else. The progressive dominance of F(wo) with increas- 

ing length of the sine wave train implies that in a mildly dispersive medium 

such signals should have a speed of propagation which is a close approxima- 

tion to the phase velocity corresponding to 

avoid the interference of reflections with the transient signal if the signals 

are of sufficiently short duration or  i f  the medium exhibits strong attenuation. 

2 1/2 sine waves of cir- 

wo . 
"0 , 

0 

0 

wo . Also, it is possible to 
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For sufficiently high frequencies and short trains the waves can be 

recorded before their reflections arrive at the recording site. In the case of 

strong attenuation, the reflections of a small wave can be completely damped 

out before they reach the transducer location. 

2.3 Methods 

Guided by the preceding theoretical considerations, small pressure 

perturbations in the form of finite trains of sine waves have been induced in 

the aortas of eighteen anesthetized dogs, The animals weighed 20-40 kg and 

were anesthetized with 30 mg/kg sodium pentobarbital (Nembutal) intravenously . 
They were generally mature mongrels of uncertain age. The dogs were in 

the supine position throughout the experiment and artificially ventilated with 

room air at the rate of 9 to 11 liters per minute by means of a Palmer res- 

pirator. The blood pressure was continuously monitored with the aid of a 

Statham P23Dd manometer connected to a radio-opaque catheter inserted 

through the left carotid artery or  the omocervical artery and positioned with 

an X-ray fluoroscope in the aortic arch. 

The basic experimental arrangement is schematically illustrated in 

Figure 2. The pressure signals were generated either by an electrically 

driven impactor or by a pump producing sinusoidal pulses of controlled fre- 

quency and amplitude. Both the impactor and the pump were designed and 

constructed in our laboratory, When the pump was used, a polyethylene 

cannula with an internal diameter of 4 mm was inserted through the left 

subclavian branch into the descending aorta. When the sinusoidal waves 

were induced with the aid of the impactor, it was positioned over the aorta 

in such a mttnner as to produce small indentations of the vessel wall. The 

impactor was inserted into the chest through an opening in the left 4th or 5th 
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intercostal space or one along the midline. It was usually placed a few cm 

below the left subclavian branch. In some cases the intercostal branches 

were ligated and the aorta was freed from its attachment to the thoracic 

wall. The pressure signals generated by the indentations of the vessel 

wall or the sinusoidal pump were measured by means of highly sensitive 

pressure transducers adapted for physiological applications as catheter-tip 

manometers. Two types of pressure transducers were used for this purpose. 

Both were originally designed for the measurement of rapid pressure fluc- 

tuations in wind tunnel models. One of the transducers is a commercially 

available Bytrex pressure cell Model HFD-5 "I which utilizes silicon semi- 

conductor strain gauges. The other is a capacitance-type pressure cell 

recently developed at the Ames Research Center (33). Figure 3 shows a 

photograph of both types of catheter-tip manometers. 

The Bytrex pressure cell has a diameter of 3 mm. It is gold-plated 

to reduce the corrosive effects of body fluids. The shielded leads and the 

venting tube are protected by a heat-shrinkable plastic tube forming a leak- 

proof flexible catheter. The cell has a sensitivity of 80pV/mmHg with 

an excitation of 25 volts. It is linear within 1% from 0 to 300 mmHg, and 

has a natural frequency above 60 kc in air. A circuit diagram f o r  the Bytrex 

pressure cell and temperature compensating module is shown on Figure 3. 

The output from the bridge circuit is amplified by means of Astrodata 

amplifiers Model 885. **) 

* 
ISchaevitz-Bytrex, Inc. 
223 Crescent Street 
Waltham, Mass. 02154 

**)Astrodata, Inc, 
240 E. Palais Rd. 
Anaheim, Calif. 92805 
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Figure 3. Pressure cells adapted for use as catheter-tip manometers. Top 
left: Bytrex transducer HFD-5 (strain gauge type). Top right: 
Coon pressure sensor (capacitance type) developed by NASA. Bottom: 
Circuit for the Bytrex pressure cell and compensating module. 
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The capacitance-type pressure cells used in the experiments have a 

diameter of 1.4 mm or 1.0 mm and are mounted at the t ip  of a catheter which 

encloses the electrical leads and the venting tube. The cell forms part of 

a capacitance bridge and the signals are recorded with the aid of a 100 kc 

carrier amplifier. The fundamental frequency of this manometer is 8 2  kc in 

air. It allows for a resolution of about 0.2 mm Hg and is linear within 1% 

from 0 to 200 mmHg. 

After amplification the signals from both types of catheter-tip trans- 

ducers were recorded with the aid of galvanometers whose frequency res- 

ponse is flat up to 3300 cps and a Honeywell Visicorder with a paper speed up 

to 200 cm/sec. The catheter-tip and Statham manometers, amplifiers and 

recording equipment were calibrated as a system for each experiment using 

a mercury manometer as a standard. Also, the catheter-tip transducers 

were repeatedly checked for drift and changes in sensitivity. This was 

accomplished by placing the catheter-tip manometers and the tip of the cannula 

from the Statham gauge at the same location in the aorta. The Bytrex catheter- 

t ip  manometers were usually inserted through the left and right femoral 

axteries; the smaller capacitance transducers were inserted through the left 

and right saphenous arteries and thus did not cause any major blockage of 

the circulation through the legs. 

The relative positions of the catheter-tip manometers and the im- 

pactor or pump cannula could readily be varied and measured to an accuracy 

of 1 mm through the use of an X-ray image intensifier and a radio-opaque 

grid with a mesh size of 1 cm. In measuring the distances between the trans- 

ducers the parallax of the X-ray apparatus was taken into account. Usually 

the proximal manometer was positioned at a minimal distance of 5 to 6 cm 
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from the wave generator and the distance between the transducers was 

systematically varied irr increments of 1 or 2 cm. For wave studies in the 

thoracic aorta the maximum distance between transducers was generally 

less than 1 2  cm. 

In most of the experiments the trains of sine waves were generated 

by an electrically driven impactor. One of the electric pistons or impactors 

used is shown in Figure 4. It consists of a solenoid whose core is connected 

to a light rod which indents the blood vessel. The rod is protected by a stiff 

tube which also serves as the support of a hook placed around the vessel. 

For repetitive generation of sinusoidal signals the size of the hook should be 

compatible with the size of the artery. A sinusoidal motion of the piston is 

induced with the aid of an electronic oscillator and a high fidelity amplifier. 

The number of sine waves and the intervals between the trains are controlled 

by a tone burst generator. 

Since the displacements of the vessel wall caused by the electrically 

driven impactor have axisymmetric as well as mnmdsymmetric components , 
the corresponding pressure fluctuations must also be expected to exhibit com- 

ponents of both kinds. Theoretical studies show that the propagation charac- 

teristics of nonaxisymmetric waves are vastly different from those of axi- 

symmetric disturbances (1,2). The presence of nonaxisymmetric components 

may, therefore, make it impossible to observe a single finite t r a i n  of sine 

waves, at least within close proximity of the wave generator. Fortunately, 

these nonaxisymmetric waves are completely attenuated within a distance of 

about ten vessel radii (5 to 6 cm) from the impactor . This has been verified 

by comparing the pressure recordings from two transducers positioned 

at different points of a given lumen cross-section. When the amplitude and 

15 



Figure 4. Electromagnetic wave generator with exchangeable hook, electronic 
oscillator, and tone burst generator. For frequencies between 40 
and 80 cps the maximum piston travel in this model is about 5.5 mm 
while above 80 cps it rapidly diminishes with increasing frequency. 
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the phase difference between the two pressure signals were negligible for any 

relative location of the transducers in that cross-section, it was concluded 

that the signal was axisymmetric. 

It is relatively easy to determine the speed of a train of small sinus- 

soidal pressure perturbations by measuring the transmission time of readily 

identifiable corresponding points of the signal. As illustrated in Figure 5, 

the intersections of the tangents at successive inflection points were selected 

as characteristic points. From the time At (8 milliseconds) it takes for this 

point to travel the distance Ax(4 cm) between the transducers the signal speed 
Ax at (5 m/sec) can be computed. This signal speed is interpreted as an 

approximation of the phase velocity corresponding to the frequency of the 

sine wave which is 70 cps in this particular case. With a recording speed 

of 100 cm/sec and time lines at 10  millisecond intervals it was in most cases 

possible to determine time lag At with an accuracy of 0.3 milliseconds. The 

amplitude is defined as indicated in Figure 4 and denoted by A. at the proxi- 

mal transducer and by A at the distal transducer. By measuring At and 

A/Ao for the various frequencies and distances Ax between the transducers 

one obtains the dispersion and attenuation characteristics of these waves for 

different segments of the aorta. 

2.4 Results 

Examples of actual recordings of small pressure signals in the form 

of finite trains of sine waves superimposed on the naturally occurring press- 

ure  fluctuations in the aortas of anesthetized dogs are given in Figure 6. 

Each of the three pairs of pressure records shown was obtained with the aid 

of two catheter-tip manometers positioned at different points of the 
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thoracic aorta. The natural pulse wave and the artificially induced pressure 

signals can easily be recognized. In these instances the frequencies of the 

sine waves were 70 cps, 100 cps and 140 cps. The recordings in Figures 5 

and 6 are from experiments in which the low frequency impacts were 

deliberately made larger than normal in order to provide a clear illustration. 

In the data discussed below, the amplitudes of the sine waves were generally 

less than 5 mmHg and their frequencies ranged from 40 to 200 cps. Wave 

trains with frequencies below 40 cps could be recorded over a distance of 

more than 20 cm. Most of the results given here are based on wave trans- 

mission data obtained from a segment of the thoracic aorta less than 12 cm 

in length to minimize the effects of taper and branching. 

The sinusoidal pressure signals were generated at various times in 

the cardiac cycle in each dog as illustrated in Figure 6. Though attenuated 

during their propagation, inspection indicates that they retain their sinus- 

oidal character. The absence of noticeable distortions of the sinusoidal 

pressure waves suggests that the aorta is not strongly dispersive for pressure 

waves in the frequency range considered here and that there are no discernible 

effects of reflections. In a strongly dispersive medium one should observe 

“forerunners1‘ (34) of the trains of sine waves, especially when the trains 

are short. However, no ltforerunnerslt of the pressure signals could be 

discerned in the aorta. For sinusoidal waves recorded during diastole, the 

time lag At did not vary measurably with the selection of a characteristic 

point within the same train. This can be interpreted as further evidence 

that the aorta is not strongly dispersive and that the effects of reflections 

are negligible. 

However, for signals produced during systole, At was observed 
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to be noticeably different for different characteristic points within the same 

train and appeared to vary systematically with the cardiac phase. This 

implies that the signal speed also varied with the cardiac phase during 

systole. Theoretical analyses indicate that the wave speed may be 

affected by both pressure (1, 2, 29) and mean flow (35). Any description of 

the dispersive nature of the aorta should therefore include a reference to the 

pressure and the instantaneous mean flow levels at which the wave speeds 

were determined. The results of a detailed study of the effects of pressure 

and mean flow on the velocity of various waves are given in Chapter 3. The 

dispersion curves given here are restricted to waves generated during the 

diastolic phase during which the mean flow velocities are insignificant com- 

pared with the signal speed (11). 

A typical dispersion curve is shown in Figure 7. Tn this particular 

case the wave speed is approximately 5 m/sec and is nearly independent 

of frequency between 60 and 200 cps. The attenuation of sinusoidal waves in 

terms of the amplitude ratio A/Ao as a function of the distance between the 

transducers in cm is given in Figure 8. It is evident that the low frequency 

waves are transmitted over a much larger distance than are the high fre- 

quency signals, This attenuation can be attributed to the combined effect of 

three main causes: 

1. Dissipation mechanisms in the vessel wall ; 

2. Radiation of energy into the surrounding tissue or vascular bed; 

3. Viscosity of blood. 

The radiation of energy into the surrounding medium must play a minor role 

in the case of the thoracic aorta since the complete surgical exposure of the 

thoracic aorta segment in which the waves were studied did not cause a 
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noticeable change in the dissipation of the waves observed prior to exposure. 

Moreover, it has been shown theoretically (30) that the viscosity of the blood 

cm only accouut for a small fraction of the observed attenuation for the 

frequency range and type of waves considered here. Therefore, the damping 

of pressure waves can be almost entirely attributed to dissipation mechanisms 

in the vessel wall. 

Knowing the phase velocity c as a function of the frequency one can 

compute the wavelength X = f 
the nondimensional distance x Ax 

attenuation pattern when A/Ao is plotted against x . 
al l  frequencies the amplitude ratio A/Ao decreases in the same exponential 

fashion with x : 

and represent the attenuation as a function of 

for all frequencies. Figure 9 gives the 

It appears that for Ax 

Ax 

-k AX e -  A - =  
A0 x 

where k = .89 is the logarithmic decrement. It is therefore convenient to 

plot A/Ao on a logarithmic scale as illustxated in Figure 10. 

Additional dispersion and attenuation curves representative of a 

total of 17 further experiments are given in Figures 11 to 16. The results 

of these experiments indicate that at normal blood pressure levels the wave 

speed in the thoracic aorta during diastole has a value between 4 and 6 m/sec, 

while the attenuation coefficient k varies between 0.7 and 1.0 for waves 

propagating in the peripheral direction. The data from all these experiments 

show a high degree of consistency in contrast to the findings of Faber et al 

(36) who recorded the speeds of various frequency components of the 
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second heart sounds in the upper thoracic aortas of anesthetized dogs. For 

frequencies below 40 cps the waves induced by the impactor generally no 

longer had the form of pure sine waves and the data from such waves 

usually showed a somewhat larger scatter and were therefore not used. Even 

so, between 20 and 40 cps the waves were sufficiently close facsimiles of 

pure harmonics to warrant noting that their transmission properties were 

essentially the same as those for waves with frequencies higher than 40 cps. 

2.5 Discussion 

The wave transmission data derived from eighteen experiments 

consistently portrays a very weak dispersion for pressure waves generated 

during diastole and exhibits in all cases the same exponential decay pattern 

for the amplitude of a propagating sinusoidal pressure wave. The attenuation 

per wavelength is nearly independent of frequency between 40 and 200 cps 

and the attenuation coefficient -k ranges from 0.7 to 1.0. Therefore, during 

propagation over a distance of one wavelength (2 to 15 cm) the amplitude of a 

sine wave will diminish to about 50% to 30?0 of its initial value. This loss of 

energy must be attributed primarily to dissipative mechanisms in the vessel 

wall since the viscosity of the blood and the radiation of energy into the 

surroundings of the aorta can only account for a relatively small fraction of 

the attenuation in the frequency range considered. 

The absence of any significant dispersion and reflection interference 

was indicated by the facts that for small amplitudes the sine waves retained 

their sinusoidal form during propagation and that the signal speed was in- 

dependent of the choice of a characteristic point. Under such conditions 

one can justify interpreting the signal speed as an approximation of the 
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phase velocity corresponding to the frequency of the sine wave and thus avoid 

the laborious Fourier transform computations . 
The frequency and amplitude of the sinusoidal pressure waves 

could be accurately controlled irrespective of whether they were generated 

by the pump or by the electrically driven impactor. However , the number of 

sine waves contained in each train and the interval between the trains were 

most accurately regulated when the impactor was used. Therefore, in most 

of the experiments conducted the waves were generated by a controlled tapping 

of the aorta. To minimize any possible manifestations of nonlinear effects 

associated with large pressure fluctuations, the amplitudes of the sine waves 

were generally chosen no larger than necessary for a precise determination 

of the signal speed. For wave amplitudes less than 5 mm Hg no evidence of 

reflections o r  nonlinear behavior was discernible for frequencies above 40 cps  . 
For frequencies between 20 and 40 cps there were also no obvious manifesta- 

tions of nonlinear propagation characteristics, but it should be noted that such 

waves in general exhibited minor distortions, even with small amplitudes. 

However, these waves were so close to being pure harmonics that their speeds 

and attenuation may be interpreted as meaningful data with some qualification . 
For frequencies below 40 cps it was possible to generate waves with amplitudes 

up to 20 mm Hg. Such waves clearly altered their shape during propagation, 

but no attempt was made to interpret these changes as the result of reflections 

or  specific nonlinear properties of the aorta. 

The dispersion and attenuation properties of the aorta for a given 

pressure level and axial stretch can be utilized in the determination of a valid 

mathematical model for the mechanical behavior of the aorta and specifically 

in establishing the constitutive laws of the vessel waU. The insignificant 
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dispersion of pressure waves within the frequency range covered by the ex- 

periments has been predicted by several theoretical studies (1, 2, 29, 31). 

Tn these and other analytical investigations it was shown that there a re  three 

different kinds of waves that can be transmitted by a vessel of the shape of a 

circular cylinder The waves can be distinguished by the corresponding dis- 

placement pattern of the vessel defined by the motion of an arbitrary point of 

the wall in the axial, circumferential and radial directions. The propagatj-on 

characteristics of the wave will depend strongly on which of the three displace- 

ment components dominates. For example, a wave in which the radial motion 

of the wall dominates is transmitted at a relatively low speed and exhibits a 

strong intraluminal pressure fluctuation. Such a wave is generally referred to 

as a pressure wave. Waves with dominant axial or circumferential wall motion 

by contrast produce extremely small pressure perturbations but travel at a 

considerably higher speed than do pressure waves. In references (1) and (2) 

the three types of waves have been predicted on the basis of a mathematical 

model in which the elastic and viscoelastic properties of the wall material are 

free parameters that can be evaluated for example by measuring the propaga- 

tion characteristics of one type of wave. With this information one can then 

predict the transmission properties of the other types of waves and by compar- 

ing them with those measured in experiments the validity of the model can be 

conveniently tested. 

A quantitative evaluation of changes in the elastic properties of blood 

vessels on the basis of altered propagation characteristics of waves is only 

meaningful after a mathematical model has been established which predicts 

the dispersion and attenuation of the various waves with reasonable accuracy. 

After such a model has been arrived at, it should be possible to apply the 
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method described here in a systematic study of the control mechanisms that 

may govern active changes in the elastic properties of blood vessels, 
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CHAPTER 3 

THE EFFECTS OF PRESSURE AND FLOW ON 
PROPAGATING PRESSURE WAVES IN THE AORTA 

3.1 Introduction 

A thorough knowledge of the factors affecting the magnitude of 

the wave speed in either an artery or a vein, and the manner in which these 

factors may alter the wave speed is essential when describing changes in 

the distensibility of large blood vessels in terms of wave speed changes. 

Morgan and Ferrante (35) have considered the theoretical problem of wave 

propagation in elastic tubes containing a streaming fluid. For an average 

steady state flow velocity 5, small compared to the wave speed c, the 

observed wave speed co is approximately equal to c + 5, the sum of the 

phase velocity for the system at rest and the average steady stream vel- 

ocity. Muller (37) has conducted wave speed measurements on rubber 

tubes containing a streaming fluid. He found a wave speed which is 

slightly less than c + 5 for waves propagating in the direction of flow, 

while for waves traveling against the flow he measured wave speeds that 

were somewhat greater than c-5. The deviation in each case was approxi- 

mately 17 percent, but no explanation for this was given. 

As mentioned in Chapter 2 the speeds of artificially induced pressure 

waves in the aortas of anesthetized dogs also seem to depend on the mean flow 

velocity as well as pressure. This was concluded from a systematic 

variation of the wave speed with cardiac phase. Since the method developed 

for these experiments permits the generation of transient signals at any 

instant of the cardiac cycle (Figure 6), it should therefore allow for a study 
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of the combined effects of the naturally occurring pressure- and flow- 

fluctuations on the transmission characteristics of pressure signals. Also, 

by occluding the ascending aorta for a few seconds or by stopping the heart 

through vagal stimulation and therefore interrupting the flow, the effect of 

pressure alone on the speed of the sine waves can be determined, The 

pressure dependence of the phase velocities can then be used as a measure of 

the change of the elastic properties of the aorta wall with stress. 

3.2 Downstream Waves 

The initial investigation of the effects of pressure and flow on the 

wave transmission characteristics was conducted with the experimental 

arrangement illustrated in Figure 2 used for the study of pressure waves 

propagating in the downstream direction of the aorta. E the trains of sine 

waves were superimposed at random on the natural pulse wave, their speeds 

should reflect the variations in pressure and flow associated with the cardiac 

cycle. The mean pressure level of a train and its location on the natural 

pulse wave, Le , ,  whether it occurred during early systole, systole, or 

diastole could easily be ascertained. 

Early in the experiments described in Chapter 2 it was noted that 

the wave speed increases with aortic pressure and from diastole to systole. 

Therefore, the wave speed data was grouped with respect to cardiac 

phase and aortic pressure. Figure 17 illustrates typical results obtained 

with such a grouping of the data. Tn this figure the solid symbols represent 

the speeds of signals induced during late diastole and an instantaneous aortic 

pressure within the interval 77-87 mmHg. The open symbols correspond 

to signals induced at late systole and an instantaneous aortic pressure 
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within the interval 91-97 mm Hg. The systolic data shows a consistent 

increase in speed of 0.5 to 1.0 m/sec which can be attributed to a stiffening 

of the aortic wall with pressure and in p a r t  to the mean flow present at late 

systole in the thoracic aorta. For either group of data the dispersion appears 

to be negligible which confirms the findings given in Chapter 2. 

During systole and diastole the speed of the sine trains was consis- 

tently evaluated by measuring the time lag At of a characteristic point in the 

middle of the trains. By plotting the speed of randomly induced signals as a 

function of the instantaneous aortic pressure one obtains as typical data those 

shown in Figures 18 and 19. The points representing the speeds of waves of 

different frequencies have been identified by the symbols listed in the left- 

hand corner of the graphs. Figure 18 demonstrates that with a blood pressure 

of 100165 mmHg the wave speed may increase from approximately 4 m/sec 

at diastole to about 6 m/sec at systole. This result is independent of frequency 

in the range from 40 to 120 cps. In other words: with a pulse pressure of 

35 mm Hg the phase velocity can increase by as much as 50 percent from 

diastole to systole. The relatively large scatter of the data points for systolic 

pressures may be due to the rapid changes in mean flow that occur during the 

systolic phase of the cardiac cycle. 

The increase in wave speed with pressure acjap at negligible 

flow rates can be determined for limited pressure ranges by intermittently 

occluding the ascending aorta or by producing cardiac arrest  through vagal 

stimulation. Wave speed-pressure data obtained by both of these maneuvers 

a re  shown in Figure 18 and 19. The results of five additional experiments 

show that 8c/’p’ may have values between 3 and 6 cm/sec. Studies 

(38) designed to determine the functional relationship between pressure and 
mm hg 
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wave speed in the abdominal vena cava yield values for ac/ap ranging 

from 1-3 cm/sec. 
mm H20 

those measured in the thoracic aorta. The disparity could be attributed 

These values are approximately ten times greater than 

to differences in geometry and wall properties. 

The data from the experiments discussed in this section indicate 

that the wave speed in blood vessels increases with increasing pressure. 

This effect is probably due to the combination of the gradual stiffening of the 

vessel wall as the pressure rises and the convection of the wave by the mean 

flow in the vessel. The stiffening of the vessel wall implies a change in its 

elastic properties. The sharp elevation in the wave speed during the early 

pa r t  of systole is most likely caused by the rapid flow of blood. 

The attenuation of pressure waves in the thoracic aorta measured in 

terms of wavelengths appears to be independent of pressure and frequency. 

Figure 20 shows the attenuation obtained for waves induced at different 

pressure levels. 

3.3  Upstream Waves 

The waves generated by the electromagnetic impactor travel in both 

the downstream and upstream directions as shown schematically in the upper 

right hand corner of Figure 21. However, so f a r  only the waves propagating 

in the downstream direction have been discussed. If the observed wave 

speed increase from diastole to systole is caused by a rise in pressure and 

flow, then the wave transmission characteristics of the upstream waves will 

be different than those for downstream waves. To demonstrate this a series 

of experiments have been conducted in which the impactor was positioned on 

the thoracic aorta 2 to 4 cm above the diaphragm and the upstream waves were 
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recorded with catheter tip manometers as shown in Figure 21. Compare 

this arrangement with the one shown in Figure 2 used for the study of down- 

stream waves. A segment of the aorta was exposed by a 4 cm incision along 

the 8th or 9thintercostal space and the ribs were retracted. The internal 

thoracic tissue connecting the aorta to the chest wall was removed from a 

short segment of the thoracic aorta between two intercostal branches and the 

stainless steel hook was snugly fitted around the aorta at this position. The 

manometers were inserted through the left and right carotid arteries and 

placed 5 cm above the impactor. Usually a rapid rise in mean blood pressure 

occurred upon ligation of both carotid arteries due to the baroreceptor reflex, 

but the mean blood pressure returned to normal levels within a few minutes 

possibly because pressure receptors elsewhere in the circulatory system 

assumed control. The catheter from the Statham manometer was inserted 

through the omocervical artery and located in the aortic arch to record instan- 

taneous pressure levels to which the Bytrex manometers could be referenced. 

Recordings were made of sinusoidal pressure waves in the frequency 

range 40 to 160 c p s  at different instants of the cardiac cycle and representative 

data are shown in Figure 22. The data shown in this figure do not include 

those from signals induced during the early par t  of systole which is charac- 

terized by high flow rates. The data from these experiments differ significant- 

ly from those obtained for downstream waves shown in Figures 18 and 19. 

The speed no longer increases significantly with instantaneous pressure from 

diastole to systole. This implies that the increase in speed due to a stiffen- 

ing of the aorta with pressure is more or less offset by the decrease in speed 

due to mean flow. To separate the effects of pressure and flow on wave 

speed it is necessary to measure the speeds of upstream and downstream 
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waves simultaneously. 

Typical attenuation observed for upstream waves in the thoracic 

aorta is shown in Figure 23. The logarithmic decrement for upstream waves 

was approximately two times that measured for downstream waves and was 

found to be independent of the pressure level. The value of k calculated from 

the attenuation data observed in seven additional upstream wave experiments 

ranged from 1.2 to 1.6. The disparity in the values of k for upstream wave@ 

(k = 1.2 to 1.6) and downstream waves (k = 0.7 to 1.0) may be due to taper 

of the aorta. Tu the absence of dissipation, the amplitude of a pressure wave 

increases during propagation in a converging tube and decreases in a diverg- 

ing tube. However, in the aorta the dissipative mechanisms in the vessel wall 

exert a salient influence. The combined effects of dissipation and vessel taper 

on the attenuation for upstream waves moving in a diverging vessel is approxi- 

mately two times as great as for downstream waves. Therefore, the actual 

value of the logarithmic decrement due to the dissipative mechanisms in the 

vessel wall alone would lie between the minimum and maximum for the two 

directions and hence, would have a value between 1.0 and 1.2. 

3.4 Downstream and Upstream Waves 

To establish further evidence supporting the conclusion that the 

wave speed increases with pressure and flow the propagation characteristics 

of induced pressure signals were recorded simultaneously in the upstream 

and downstream directions for two segments of the aorta. The arrangement 

of the experimental apparatus for conducting these studies is shown in 

Figure 24. 

aorta through the 8th or  9th intercostal space. Bytrex pressure manometers 

The electromagnetic impactor was positioned on the thoracic 
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were inserted into the right and left carotid arteries and were advanced down 

into the thoracic aorta where they were positioned by means of the X-ray 

fluoroscope approximately 5 cm apart and at least 5 cm above the impactor. 

Two of the Imm diameter capacitance manometers were advanced into the 

abdominal aorta from the right saphenous and femoral arteries. The capaci- 

tance manometers were placed approximately 5 cm apart  and at least 7 cm 

below the impactor. The pressure in the aortic arch was monitored with a 

Statham pressure gauge. 

The dispersion data obtained within narrow pressure ranges for the 

two segments are shown in Figures 25 and 26. The wave speed is significantly 

higher in the abdominal aorta than in the thoracic aorta. This result recon- 

firms the fact that the pulse wave velocity increases with increasing distance 

from the heart. For the frequency range studied the dispersion was found to 

be mild in all segments of the aorta. As shown in Figure 27 the attenuation 

for waves propagating upstream is again approximately twice as large as the 

downstream attenuation. 

The results given in Figure 28 corroborate earlier findings described 

in sections 3.2 and 3.3. The wave speed downstream increases about 2 m/sec 

from diastole to systole while the speed of upstream waves increased by less 

than 1 m/sec. The increase in wave speed with pressure alone, 8c/8p . can 

be measured by vagal stimulation or  occlusion techniques which essentially 

eliminate the flow effects. Results obtained in this fashion are shown in 

Figure 29. 

Since upstream and downstream waves have been recorded for 

vessel segments with different mechanical properties it is in a strict sense 

not possible to determine accurately the effects of pressure and flow on the 
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the wave speed for either segment. To obtain data which may be interpreted 

quantitatively the wave speed must be measured simultaneously for the up- 

stream and downstream directions in the same aortic segment. 

3.5 Dual Impactor Experiments 

While the results of the experiments described in sections 3.2 to 3.4 

indicate that 1) the wave speed is a function of pressure; 2) the wave is convec- 

ted by the flowing blood; and 3) the propagation of large amplitude pressure 

signals must be affected by nonlinear phenomena, they do not allow for an 

accurate evaluation of the various effects. Only when the transmission pro- 

perties of upstream and downstream waves can be determined for the same 

instant of the cardiac cycle and for the same aortic segment is it possible to 

eliminate the uncertainties due to the variations in geometry and flow from 

segment to segment which affect the results of the earlier experiments. 

By placing electromagnetic impactors at the ends of an aortic seg- 

ment of interest it is possible to create the situation where pressure waves 

are propagating both upstream and downstream in this segment at the same 

time. The corresponding arrangement of the experimental apparatus is 

schematically illustrated in Figure 30. The proximal impactor was inserted 

into the chest through an opening in the left fourth intercostal space and 

positioned on the aorta a few centimeters below the left subclavian branch. 

The distal impactor was inserted into the thoracic cavity through an opening 

in the left 8th or 9th intercostal space and placed on the aorta a few centi- 

meters above the diaphragm. To record the pressure waves two catheter 

t i p  pressure manometers, either Bytrex Model HFD-5 or the capacitance 

cells shown in Figure 3 were introduced through a femoral artery and 
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located 5 cm apart in an aortic segment equidistant from the two impactors. 

Usually the distance between manometers and impactors was 5-6 cm. The 

amplified signals were recorded with the same instrumentation described in 

the earlier experiments. 

Typical oscillograph recordings from the two pressure manometers 

are shown in Figures 31 and 32. Trains of three sine waves were produced 

by the proximal impactor and were recorded traveling downstream with the 

flow. Trains of 4 sine waves were generated by the distal impactor and were 

recorded traveling against the flow in the aortic segment. By selecting 

different train lengths the identification of waves traveling upstream and 

downstream was facilitated. 

By plotting the phase velocity as a function of the instantaneous 

aortic pressure, one obtains as data representative of six experiments of 

this type those shown in Figures 33, 34, 35, 36, and 37. The points represent- 

ing the speeds of waves of different frequencies have been identified by the 

symbols listed in the left hand corner of the graphs. 

During diastole the mean flow in the thoracic aorta is quite small 

although not zero. This has been demonstrated by recordings with a Pieper 

flowmeter (39). Therefore, the wave speeds upstream and downstream should 

be nearly the same during diastole and primarily dependent on the instantan- 

eous pressure level. All experimental data corroborate this conclusion. The 

difference in speed between upstream and downstream waves increases with 

increasing flow. Regression lines for the upstream and downstream waves 

have been calculated assuming a linear increase in wave speed with pressure 

and excluding data points corresponding to high flow velocities. The slope of 

the resulting average regression line is an approximation for the value of 
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Bc/t?p, the increase in wave speed with pressure alone. Values of iEc/ap 

for the thoracic aorta are shown in Table I where geometrical measurements 

and pressure levels are also indicated. 
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CHANGES IN WAVE SPEED WITH PRESSURE OBTAINED FROM 
DUAL IMPACTOR EXPERIMENTS 

EXPERIMENT W/ap Natural Pulse Pressure h l a  AXIAL STRETCH 
NUMBER cmlsec mm Hg x-xo 

*O 
mm Hg 

- - 274 5.1 120-155 

288 5.4 132-168 0.17 0.9/4.5 

29 3 3.2 130 -157 0.14 1.6/4.2 

29 6 3.3 105-1 35 0.18 1.8/5.2 

X = naturally stretched length of the aorta 
Xo = unstretched length of the aorta 

h = wall thickness 
a = radius 

DATA OBTAINED BY OCCLUDING THE AORTA 

EXPERIMENT aC/ap PRESSURE RANGE 

288 4.3 140 - 100 occlusion of descending aorta 

28 8 3.5 
5.0 
5.5 

7 1  140 - 100 
140 - 180 occlusion of thoracic aorta 
180 - 220 below distal impactor 

29 6 3.9 130 - 100 occlusion of descending aorta 
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During the early systolic and mid-systolic portions of the cardiac 

cycle the increased pressure and the large blood flow due to cardiac ejection 

will cause substantial elevations in the wave speed. Figure 38 aids in the 

explanation of the variation of wave speed in the upstream and downstream 

directions of the thoracic aorta at different instants of the cardiac cycle. 

The wave speed measured at 1 on the natural pulse wave is plotted on the 0 -  
datum for an upstream wave. 

pressure-wave speed graph as datum 1 for a downstream wave and 

The wave speed from 2 on the natural 0 
0 

pulse wave results in datum 

waves. The effect of the elevated 

for downstream waves and 121 for upstream 

flow during early systole manifests itself 

by significant increases in speed for downstream waves and marked decreases 

in speed for upstream waves. Speeds measured at 3 and 4 during late 0 0  
for downstream waves and 131 systole are shown as data 

and 141 for upstream waves and indicate that the mean flow at late systole 

has fallen to lower levels. Finally, a wave speed measured during diastole 

@is shown as datum 5 for downstream waves and for upstream waves. 0 
The solid regression lines represent increases in wave speed due to pressure 

at moderate flow levels, while the dotted lines indicate the change in wave 

speed with pressure at relatively high flow rates. The difference in speed 

in the two directions in diastole suggests that there is a slight mean flow even 

during diastole. It will be shown that the difference in wave speed for the 

downstream and upstream directions at a chosen pressure is a measure of 

the mean blood flow velocity in the region between the two manometers. 

Even more convincing evidence for the effect of pressure and flow 

can be presented when very long trains of small sinusoidal waves with a 

frequency above 70 cps are superimposed upon the natural pulse wave. The 
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0 N A T U R A L  PULSE W A V E  

S I M U L T  AN E 0 US 
F L O W  R E C O R D I N G  

I PRESSURE - FLOW 

Figure 38. An explanation of the effects of pressure and flow on the wave speed. 
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variation in speed of individual sine waves within such trains can be 

determined for upstream and downstream waves as shown in the middle 

graph of Figure 39. The difference in the speeds of the downstream and 

upstream waves is a direct measure of the flow. To explain the underlying 

reasoning it is convenient to introduce the following parameters: 

U 

D 
c (p) - upstream wave speed at pressure p. 

c (p) - downstream wave speed at pressure p. 

ac/a;p - incremental change in wave speed with incremental 
change in pressure. This derivative will in general be a 
function of pressure but for the pressure range between 
diastole and systole it is here assumed to be constant. 

A p = p - po I difference between instantaneous pressure p and 

U(p) - mean flow velocity at the instantaneous pressure p . 
diastolic pressure po . 

With this notation the wave speeds in the upstream and downstream direc- 

tions can now be expressed in terms of the wave speed at the diastolic 

pressure and zero mean flow and the increments in speed due to pressure 

If the diastolic wave speed is the same in both directions, a reasonable 

approximation since diastolic flows are almost zero, then, c U (p,) = c D 

- U and, 
c (p) - c (p) = 2u . 

Thus the difference in speed of waves traveling downstream and upstream is 

twice the flow velocity. The variation of the flow with cardiac cycle 
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obtained with this approximation from wave speed measurements is shown 

in Figure 39. The close resemblance of this velocity pattern with that 

measured by a Pieper catheter tip flowmeter (39) and illustrated in 

Figure 40 corroborates in pa r t  the feasibility of the approach described in 

this investigation. The values for the peak mean flow velocities at systole 

measured by this method in a number of experiments are shown in Table 2. 

TABLE 2 FLOWVELOCITY 
- 

EXPERIMENT urn,,, cm/sec WAVE SPEED, m/sec 
Systole - Downstream 

288 100 8.2 

288 120 8.7 

29 3 50 5.0 

29 6 50 5*0 

Variations in 

due to changes in cardiac output and peripheral resistence. 

can be attributed to actual fluctuations in the mean flow 

Maneuvers were again introduced to extend pressure-wave speed 

studies beyond the normal pressure range. A balloon catheter was 

inserted through the right carotid artery and.advanced to the root of the 

brachiocephalic artery. Inflation of the balloon for 3 - 5 seconds blocked 

the flow into the descending aorta, and thoracic aortic pressure rapidly fell 

below the diastolic level. Pressures above the systolic range were obtained 

in the test region by occluding the aorta a few centimeters above the 

diaphragm. Figures 36, 37, 41, and 42 illustrate pressure-wave speed data 

for aortic pressures below the diastolic level, while Figwre 42 shows wave 

speed data for high as well as low pressures. It is noteworthy that 8c/E?p 

is not constant but varies with the pressure level. At  very low pressures 
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the change in speed with pressure is quite small, but at pressures above 

180 mm Hg it rises sharply indicating a marked change in the elastic proper- 

ties of the blood vessel wall. The mean flow is obviously small since the 

wave speeds are the same in both directions. 

The data from six experiments indicates a consistent pattern for the 

effects of pressure and flow on propagating pressure waves. Of particular 

significance here is the result that a large increase in wave speed occurs 

between diastole and systole. This is a strong indication that the aortas of 

anesthetized dogs exhibit nonlinear behavior with respect to large amplitude 

pressure waves such as those generated by the heart. Caution should there- 

fore be exercised in applying linear theories in the modeling of hemodynamic 

phenomena when the pressure fluctuations are of the same order as those 

produced by the heart. It is of interest to note that Remington (40) discussed 

the possibility of a wave speed variation with cardiac phase, but he could not 

substantiate it conclusively from apparent speed measurements of the incisura 

and the foot of the natural pulse wave. Landowne (24) has shown an increase 

in the speed of impact waves in the brachial artery between diastole and 

systole. The actual causes of such large rises in the speed with pressure 

from his experiments are yet to be explained. 
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CHAPTER 4 

A PRELIMINARY STUDY O F  
THE DISTENSIBILITY OF THE AORTA 

4.1 Introduction 

Wave propagation in blood vessels, especially arteries, is not yet 

fuuy understood. The elastic properties of the wall undoubtedly play a role 

in this propagation, Since wall properties may change, in disease, in aging, 

or  in prolonged weightlessness, the relationship between wall properties and 

the speed of wave propagation should be elucidated. 

The present experiments were designed to clarify the relationship. 

To this end the elastic parameters of the aorta a re  determined from its wave 

transmission characteristics and also from independent distensibility mea- 

surements. The distensibility of a vessel is defined as dV/dp , the incre- 

mental increase in volume of the vessel produced by an incremental increase 

in the transmural pressure. For small deformations a simple mathematical 

relationship between the effective circumferential Young's modulus E of the 

vessel wall and the distensibility can be derived, In addition a convenient 

formula for E in terms of the wave speed c and the geometry of the vessel 

is given by the Moens-Kortweg equation. Hence, E can be evaluated from 

direct distensibility measurements in the form of pressure diameter record- 

ings and from the speed of a propagating pressure-wave. A close agreement 

in the magnitudes of E obtained by the two methods would support the 

physical reasoning underlying the method of approach. 

The results to be presented here show that the Young's modulus of 

the aorta varies with pressure. The system is not a linear one. 
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Learoyd and Taylor (39) 

s on excised human 

the distending pressure rose. A no 

pressure and diameter for all types of arteries. Roach and Burton (40) 

have indicated that the nonlinearity most likely was due to the progressive 

transfer of the circumferential wall stress from the readily stretched elastin 

fibers to the very inextensible collagen fibers as the pressure and consequently 

the diameter increased. They feel that E is determined by elastin for small 

distension and collagen for large distension. 

Though there a re  at hand methods for determining wave speed in man 

by noninvasive techniques, it will be necessary to define a more adequate 

mathematical model before these measurements can be used diagnostically. 

4.2 Theoretical Relations Between Wave Speed, Distensibility, and 
Elasticity 

It is essential to establish a mathematical relationship between wave 

speed, distensibility, and elasticity i f  the characteristics of propagating waves 

a re  to be used to deduce the elastic properties of the vessel wall. The Moens- 

Kortweg equation predicts the speed of a pressure wave in a fluid filled, 

circular cylindrical vessel in terms of the circumferential Young's modulus of 

its wall material, its wall thickness to radius ratio and the density of the fluid 

contained in it. It is only applicable to low frequency waves of small ampli- 

tude and can be written as: 
2 c 2 p a  

h E =  

where c = wave speed, h = wall thickness, p = fluid density, 

a =vessel radius, E = ential Young's modulus . 
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For an incompressible wall material and thin walls the product 

constant (ha = K) and Equation (1) can also be given in the form 

ha is a 

where D = 2a is the vessel diameter and K can be evaluated at some 

known geometrical configuration h a = K . 
0 0  

The distensibility of thin walled vessels can be given in terms of the 

effective circumferential Young’s modulus and the vessel geometry by: 

where V denotes the volume/ unit length, and p the transmural pressure. 

In this equation the volume/ unit length can be expressed by the diameter D 

which leads to: 

E = -  D2 & 
2 h d D  

(4) 

Finally with the incompressibility assumption for the vessel wall material 

(ha = K) one obtains: 

For dynamic conditions the inertia forces may be important and would have 

to be included in Equation (5) which was derived assuming quasi-static changes 

in pressure. In the dynamic case the force balance at the vessel waU may 

be written approximately: 

p = elastic force -i- inertia force 



where the additional parameters are: 

p = Po sin u t - the small sinusoidal perturbation 
produced in the wall by the impactor , 
i.e. a = ito + p 

the mass of the wall per unit area - 
P O h  

Typical values for the parameters in 6 for the thoracic aorta observed in the 

experiments conducted as pa r t  of this study are: 
6 2 E = 5 x 1 0  dynes/cm 

Po = 0.002 cm 

h = Oelcm 

a = 0.6cm 

p o h  = 0.1 gm/cm 2 

u = 2nf = 2n60for f = 6Ocps 

therefore, 
-2 dynes 

2 
3 - 7 . 2 ~ 1 0  

cm 
p = 2.8 ~ 1 0  

Elastic Force Inertia Force 

2 cm 

This result indicates that for frequencies less than 60 cps the elastic force 

is approximately 4 to 5 orders of magnitude greater than the inertia force. 

4.3 Methods 

Small sinusoidal pressure waves have been induced in the canine 

thoracic aorta with peak to peak amplitudes which are an order of magnitude 

smaller than the pulse pressure. In these experiments the pressure 

perturbations are 2 to 3 mmHg in magnitude, and corresponding changes in 

diameter a re  of the order 0.005 cm with a frequency range of 50 to 120 cps e 

81 



dV is significantly smaller than the volume 

instantaneous inc 

sibility dV/dp 

tions associated with such small waves. 

may be obtained from measurements of the diameter varia- 

Distensibility experiments have been conducted on the aortas of six 

anesthetized mature mongrel dogs. The medication and presurgical pre- 

paration of the dogs was the same as described in Chapter 2. A schematic 

illustration of the experimental arrangement is shown in Figure 43. The 

pressure signals were generated by the electrically driven impactor which 

was inserted into the thoracic cavity through an opening along the left fourth 

intercostal space and placed on the thoracic aorta a few centimeters below the 

left subclavian branch. A Pieper pressure-diameter gauge was introduced 

through the left femoral artery and located in the thoracic aorta. The design 

and operation of the transducer has been described in detail by Pieper and 

Paul (39). After a series of measurements had been completed the Pieper 

gauge was removed and calibrated statically in a 37' C bath in which it was 

withdrawn through a Plexiglas tube whose inside bore varied in increments 

of 0.05 cm from 1.05 to 1.40 cm, which was the usual range of the inside 

diameter of the thoracic aorta of the dogs studied. The calibration curve 

of the diameter gauge is linear within 5 percent and the gauge exhibited 

e drift or  sensi 

After locating the Pieper gauge, a Bytrex catheter t ip manometer 

was in right femoral artery and positioned with the aid of 
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the fluoroscope 5 cm behind the front end of the Pieper gauge. The amplified 

signals from the Pieper gau 

galvanometers whose frequ 

Honeywell Visicorder with a paper speed up to 200 cm/sec. The pressure 

manometers , diameter transducer, amplifiers , and recording equipment 

were  calibrated as a system for each experiment. 

and Bytrex manometers were recorded with 

y response is flat up to 3300 cps, and a 

4.4 Results 

Aortic distensibility measurements were performed on six dogs. 

Figure 44 shows a typical example of the oscillograph recording of signals 

from the pressure and diameter transducers. The contour of the diameter 

recording closely resembles that of the aortic pressure including the small 

wave trains superimposed on the natural pulse wave. These pressure pertur- 

bations are 2-3 mmHg in amplitude and associated diameter changes are  

approximately 0.005 cm. The ratio of the diameter and pressure changes 

measured for the trains of waves yields dV/dp , the distensibility. Since dV 

and dp a re  small compared to changes associated with the natural pulse wave, 

it appears justifiable to treat them as infinitesimal quantities. 

The results given in Figures 45 and 46 are pressure-diameter data 

obtained during the natural pressure fluctuations and during aortic occlusion. 

The shape of the pressure-diameter curve for pressures ranging from 50 to 

120 mmHg indicates that the wall properties vary with stress. The pressure- 

volume data calc 

shown on Figures 4 

m the diameter variation with pressure are also 

46, They are of similar shape as those obtained by 

ised arteries (17, 40). 

The most significant results, however, are the Young's moduli for 
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the vessel wall calculated at various pressure levels by the two different 

methods. The wave speeds and the dD/dp data were measured for the same 

wave trains, and the corresponding Young's moduli calculated with both 

equations shown as a function of pressure are given in Figures 47 and 48. 

For naturally occurring pressure fluctuations both methods yield Young's 

moduli which increase with pressure, but the values obtained from the 

distensibility measurements are  consistently higher by as much as 50 percent. 

This disparity can possibly be attributed in par t  to experimental uncertainties 

regarding the response characteristics of the Pieper gauge at high frequencies 

when placed in the aorta and to over simplified mathematical models used in 

the derivation of the distensibility expression and the Moens-Kortweg 

equation. The values of E a re  of the same order as the Young's moduli 

measured on excised vessels and other in-vivo preparations (19). 
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CHAPTER 5 

GENERAL CONCLUSIONS AND DISCUSSION 

The superposition of small amplitude sine wave trains on the natural 

pressure fluctuations in blood vessels appears to be a convenient method for 

determining the wave transmission characteristics of large arteries and veins, 

A direct in-vivo measurement of the dispersion and attenuation of pressure waves 

has long been considered essential for the formulation of valid mathematical 

models of the cardiovascular system. Previously investigators had relied upon 

the Fourier analysis of the natural pulse wave to obtain data on dispersion and 

attenuation. However, the results given in this dissertation indicate that the 

aorta behaves in a nonlinear fashion with respect to large amplitude pressure 

waves such as those generated by the heart. This precludes in a strict sense 

the resolution of the natural pressure pulse into harmonic components for the 

purpose of analyzing its wave propagation characteristics. 

By measuring the speeds of trains of sine waves for frequencies between 

40 and 200 cps dispersion data were obtained indicating in general that there is 

little change in wave speed with frequency for any given pressure level. Hence, 

the speed of a finite train of waves is indeed a good approximation to the phase 

velocity corresponding to the frequency of the sine waves. The observed 

absence of strong dispersion of pressure waves is in agreement with theoretical 

predictions (1, 2). For different dogs the wave speed in the thoracic aorta ranged 

in value between 4 and 6 m/sec. 
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The amplitude ratio A/A measured between two points in the aorta 
0 

-k AX , independent of the A o "  h 
exhibits exponential decay of the form A = 

frequency and pressure. For the frequency range 40 to 200 cps the logarithmic 

decrement k ranged between 0.7 and 1 .0  fordownstream waves and 1 . 2  to 1.6 for 

upstream waves. This discrepancy in k for the two directions appears to be 

due to the taper of the vessel, and the true value of the attenuation coefficient 

for an idealized aorta with a uniform crossection would be approximately 

k = 1.0 to 1.2.  The attenuation can be attributed primarily to dissipative 

mechanisms in the vessel wall, since the viscosity of the blood and radiation of 

energy into the surrounding medium are shown to be small. Therefore, the 

vessel wall clearly must have viscoelastic properties, 

The dual impactor studies have demonstrated that pressure and blood 

flow can significantly affect the speed of waves. For the range of the natural 

pressure pulse the change in wave speed with pressure k / a p  was found to be 

and 6 cm/sec implying a stiffening of the vessel wall with cm/sec 
mm Hg mm Hg between 3 

pressure. 

behavior of the blood vessel. 

This increase in wave speed with pressure constitutes a nonlinear 

Measurable mean flow appears to be present in the thoracic aorta during 

the entire cardiac cycle. It gener increases from less than 0.1 m/sec at 

diastole to approximately 0 . 6  to 1.0 m/sec during early systole. Pressure 

d by this flow and e an increased ed which becomes 

t of the combined effects of 

pressure and flow. The mean flow was dete ed with surpri 
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from the wave speed difference between downstream and upstream waves, 

and it was shown that 5 = 1/2(c (p) - c (p)) . D U 

The discrepancy between the effective circumferential Young's moduli 

determined from preliminary measurements of the distensibility with a 

Pieper diameter gauge and from wave speed measurements may in part be 

attributed to experimental uncertainties regarding the response characteristics 

of the Pieper gauge at high frequencies in the aorta and to over simplified 

mathematical models used in the derivation of the distensibility expression 

and the Moens-Kortweg equation. It suggests that a more incisive experimen- 

tal study should be undertaken and that more accurate mathematical models 

must be devised for the description of the mechanical behavior of blood 

vessels. Such models should take into account the viscoelastic nature of the 

wall material. Moreover, recent experiments on the carotid artery in which 

pressure and axial waves were generated simultaneously (43) have shown that 

the vessels may also exhibit noticeable anisotropy. 
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